Interactions of a neutral polymorphic locus with a heterotic locus arc investigated. In particular, deviations from Hardy-Weinberg expectations at the neutral locus are investigated. The amount of deviation is shown to be determined by the amount of linkage disequilibrium between alleles at the loci and the strength of heterosis at the selected locus. Under some conditions apparent selection coefficients can be determined for the genotypes at the neutral locus. Actually observed deviations from H-W for enzyme loci are discussed. From the results of the present investigation, it seems unlikely that the heterozygote excesses observed at these loci can be accounted for by associative overdominance alone.
INTRODUCTION
HETEROZYGOTE excess is an indication of overdominance at a locus. However, if the locus being observed is not overdominant but alleles at the locus are in linkage disequilibrium with an overdominant locus, then the observed locus will appear overdominant. Such a phenomenon has been termed pseudo-overdominance (Lerner, 1958) or associative overdominance (Frydenberg, 1963) . The purpose of this report is to quantify the effect of associative overdominance on Hardy-Weinberg equilibrium at an unselected locus. We ask the question: How much deviation from Hardy-Weinberg can be expected at a "neutral" locus for a given amount of linkage disequilibrium with a heterotic locus? In certain cases, apparent selection coefficients can be calculated for genotypes at the neutral locus. The results of this indicate that, in general, associative overdominance can account for only slight deviations from H-W at the neutral locus. This treatment is then used to analyse some of the data on protein polymorphisms. The conclusion is reached that associative overdominance alone probably cannot account for the observed heterozygote excess at several protein loci.
MODEL
A random mating diploid population is assumed. The population is assumed to be at equilibrium with respect to gene frequencies. Furthermore, we assume that a certain amount of linkage disequilibrium is exhibited by the loci at the time of sampling. The actual cause of the disequilibrium does not directly concern us. Consider two loci with two alleles each: A, a and B, b.
The" A "locus is assumed to be" neutral ", that is, all three genotypes have the same fitness. The "B" locus is heterotic. We define p = the frequency with which the A allele is found with B 1 -p = the frequency with which the a allele is found with B q = the frequency with which the A allele is found with b -q = the frequency with which the a allele is found with b.
Thus the difference between p and q is a measure of the disequilibrium between the two loci. If p and q are equal, then there is no linkage disequilibrium. The following fitnesses are assigned to "B" genotypes:
B/B, 1 -s; B/b, 1; b/b, 1 -t. Thus the following equilibrium frequencies are observed: lB s+t ., In general, if the selection is acting at the locus being observed, H = which is what H is for locus "B" in the above example.
RESULTS
After selection at the " B " locus has occurred, genotype frequencies at locus "A" will be:
The expected frequency of A/a is:
From equations (2), (4) and (5) we may now determine the heterozygote excess for the neutral locus. For locus "A " with the parameters defined above:
If we make two simplifying assumptions, heterosis is symmetrical (i.e. s = t) and the disequilibrium is symmetrical (i.e. p = 1 -q), then equation (6) takes on the relatively simple form HA = ________ = (1 -2pqs) (4).
Since H for the selected locus (" B ") is 4, then for this special case, H for the neutral locus is diminished by a factor 2pqs. For this simplified case of symmetrical heterosis and disequilibrium we may now ask what will be the apparent selection coefficient at the neutral locus due to this associative overdominance. In this case, zii = 1 -(1 /2)s and
We now define s' as the apparent selection coefficient of 1 -(1/2)s the neutral locus. From (7) above, we then get l-2pqs
(8) (9) (It should be noted than unless s = t, H alone does not allow one to calculate values of s and t.) Table 1 gives various values of s, t, p, q, HA and s'. Figs. 2 and 3 give graphical representations of these data. In fig. 2 it is apparent that for a given amount of disequilibrium, as the heterosis of the interacting locus increases, the H value of the "neutral" locus increases. Also in this graph it can be seen that for a given amount of heterosis, as the disequilibrium increases, so does HA. Fig. 3 gives the relationship between s and s'. As It is appropriate here to point out that the parameters p and q defined here are somewhat different from the usual parameters used in disequilibrium studies (e.g. Lewontin and Kojima, 1960) . However, it is easy to translate between the two sets of terms. In fact, it can be shown that the difference between p and q is a measure of linkage disequilibrium as defined by D. Using the terms defined above and D defined by Lewontin and Kojima:
It seems safe to conclude that to observe an excess of heterozygotes at a neutral locus it must be in considerable linkage disequilibrium with a strongly heterotic locus. For values ofp, q, s and t which one might consider reasonable, HA is usually less than 1-1. For example, with p and q equal to 02 and 08 respectively and s = t = 0-3, HA is 1-064. This would be a case of considerable linkage disequilibrium and moderately strong heterosis, yet the heterozygote excess at the neutral locus is relatively slight. A sample size around 3000 would be necessary to detect a significant (90 per cent sure)
excess of heterozygotes at the neutral locus (Lewontin and Cockerham, 1959) .
Cases of heterozygote excesses have been reported for enzyme loci. For Drosophila pseudoobscura, Wills and Nichols (1971) obtained an H value of 1 25 at the Odh locus in the males which had been inbred and stressed by adding octanol to the medium. Richmond and Powell (1970) associative overdominance, the disequilibrium must be great and the heterosis very strong. It seems more likely that in these cases the observed heterozygote excess was at least partly due to the locus being studied. A special case of associative overdominance is the inclusion of a locus in a heterotic chromosomal polymorphism. The present treatment can easily be extended to handle this situation, one need only substitute gene arrangements for the alleles at the selected "B " locus described above. Because of the great numbers of inversion polymorphisms in D. paulistorum, Powell (1974) tested for linkage disequilibrium between alleles at an apparently heterotic protein locus and gene arrangements in the chromosome on to which it maps. He found that for gene arrangements in the right arm of the Finally it should be stressed that the treatment here does not attempt to explain the cause of the assumed linkage disequilibrium. Only a few of the effects of certain kinds of disequilibria are investigated. Ohta and Kimura (1970) have shown that genetic drift in finite populations can be a cause of linkage disequilibrium leading to associative overdominance. (In their paper they derived an approximation-expression (4)-analagous to the deterministic equation (9) above.) However, Lewontin and Kojima (1960) have shown that in order to obtain permanent linkage disequilibria, there must be strong fitness interactions among the loci.
